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Nephron Exp Nephrol 2010;114:e83-e92 e84 ing protein containing 349 amino acids with an apparent molecular weight of 36-38 kDa. The main post-translational processing of CCN2 involves glycosylation, giving rise to either 36 or 38 kDa molecules that appear as a doublet band on Western immunoblotting. The secretion of CCN2 into the extracellular space depends on an N-terminal 37 amino acid signal sequence. CCN2 has a modular architecture comprising of 4 modules, an insulin-like growth factor-binding domain (Module 1), a Von Willebrand factor (VWF) type C repeat domain (Module 2), a thrombo spondin type1 repeat domain (Module 3) and a C-terminal cysteine knot (Cys-knot) (Module 4) ( fig. 1 ) (reviewed in [3] ). Between modules 2 and 3 is the 'hinge region', which is susceptible to protease cleavage. In biological fluids, CCN2 can be found in various forms -full length molecule, fragments including N-terminal and C-terminal halves cleaved in the 'hinge region' as well as the individual 10-12 kDa C-terminal heparin-binding domain (Module 4) [4] . These variations produce a subfamily of secreted proteins with distinct functions.
CCN proteins stimulate mitosis, adhesion, apoptosis, ECM, and migration of multiple cell types [5] . They also modify the activity of other molecules such as transforming growth factor (TGF)-␤ 1 , vascular endothelial growth factor (VEGF), bone morphogenetic protein (BMP) 4 and BMP7 [5] . CCN2 plays an important role in normal development and differentiation. CCN2 is important for cell proliferation and matrix remodelling during chondrogenesis and is a key regulator in coupling extracellular remodelling to angiogenesis. Mice homozygous for deletion of the CCN2 gene die soon after birth with defective ossification of bones and defective chondrogenesis [6] . An important physiological function of CCN2 in an adult is to participate in wound healing [7] .
Among the CCN proteins, only CCN2 has been shown to have pro-fibrotic properties. In addition, CCN2 also has pro-angiogenic properties, which it shares with other members of the CCN family [3] . Gary Grotendorst in 1997 demonstrated the pro-fibrotic role of CCN2 acting downstream of TGF-␤ 1 [8] . CCN2 was shown to be an immediate-early gene potently induced by TGF-␤ 1 . Subsequently, other pro-fibrotic stimuli such as angiotensin II, endothelin, glucose, thrombin, advanced glycation end products, stretch and oxidative stress have been shown to induce CCN2 [5] . CCN2 is overexpressed in diabetic nephropathy, chronic allograft nephropathy, scleroderma, lung fibrosis and hepatic fibrosis [3, 5, 9] . CCN2 is a downstream mediator of at least some of the profibrotic effects of TGF-␤ 1 and also has its own profibrotic effects. An increasing amount of literature on CCN2 in the last few years has demonstrated that CCN2 is both a mediator and marker of tissue fibrosis. Therefore, there is a real potential for CCN2 to become a clinically useful tool for noninvasive monitoring of tissue fibrosis and a therapeutic target for the treatment of tissue fibrosis.
The Regulation of CCN2 Expression
Of the CCN family, the only member whose gene regulation has been characterized in detail is CCN2. Current evidence suggests that CCN2 is primarily regulated at the level of transcription. Synthesis of CCN2 protein and mRNA is stimulated by specific growth factors, such as endothelin 1 and TGF-␤ 1 , in addition to environmental changes such as hypoxia and biomechanical stimuli such as stretch in a cell type-specific manner. TGF-␤ 1 -mediated induction of CCN2 mRNA in fibroblasts occurs within 30 min of TGF-␤ 1 treatment, without involving de novo protein synthesis [8] . In fibroblasts, the TGF-␤ 1 and -␤ 2 induction of CCN2 is dependent on Smad3, PKC and Ras/MEK/ERK signalling. Leask et al. [10] demonstrated that a 5 -GAGGAATG-3 sequence located between -126 and -77 of the CCN2 promoter that binds to TEF/TEAD [10] . Interestingly, in contrast to normal skin fibroblasts, fibroblasts obtained from scleroderma skin lesions constitutively overexpress CCN2 [11] . While TGF-␤ 1 and -␤ 2 induction of CCN2 in fibroblasts are critically dependent on Smad signalling, the constitutive overexpression of CCN2 in scleroderma fibroblasts was independent of Smad signalling [12] . The TGF-␤ response element (T ␤ RE/BCE-1), first identified by Grotendorst et al. [13] in 1996, has been shown subsequently to be mainly important in the regulation of basal expression of CCN2 and consequently was renamed BCE-1 (basal control element-1) [12] . A sequence similar to the consensus SMAD site (GTCTAGAC) is located in the region of the CCN2 promoter immediately upstream of the BCE-1. This sequence is located between -173 and -166 and is shown underlined:
5 -CGAGCTTTT CAGACGGA GGAATGCTGAGT-GTCA-3. This sequence in the CCN2 promoter has been shown to bind Smad3 and Smad4 [12] . Mutation of this site resulted in marked inhibition of TGF-␤ 1 -induced CCN2 gene promoter activity but had no effect on basal promoter activity in normal and scleroderma fibroblasts [12] . Mutation of BCE-1, which is located immediately downstream of the Smad binding site, in CCN2 promoter markedly reduces constitutive expression of CCN2 gene promoter both in normal fibroblasts and in fibroblasts obtained from scleroderma skin lesions. However, in rat mesangial cells, a Smad binding site in the CCN2 promoter was required for both basal and TGF-␤ 1 -induced CCN2 gene promoter activity [14] .
With regards to the epithelial cells, skin keratinocytes and MvLu lung epithelial cells do not express CCN2 [12] , while epithelial cells of mesenchymal origin, such as type 2 alveolar cells, expressed CCN2 [15] . Wang et al. [9] in 2001 were the first group to demonstrate expression of CCN2 in proximal tubular epithelial cells (PTECs). These authors demonstrated increased secretion CCN2 in response to TGF-␤ 1 in mouse primary proximal tubule cells. We demonstrated expression of CCN2 protein, mRNA and gene promoter activity in basal conditions in human PTECs with significant increases in response to TGF-␤ 1 treatment [16] . The other renal epithelial cells that express CCN2 are glomerular visceral epithelial cells (podocytes) [37] . It is worth considering renal development at this stage. Most of the nephron, except for the distal segments of distal convoluted tubules and collecting ducts, is derived from the metanephric mesenchyme by a process of mesenchymal to epithelial transdifferentiation during embryonic life [17] . The expression of CCN2 by tubule cells and podocytes but not by other epithelial cells could be attributed to its embryonic origin from the mesenchyme and to the fact that these cells retain 'plasticity' and ability to dedifferentiate and trans-differentiate. We have previously demonstrated that PTECs express CCN2 before de-differentiation sets in, as TGF-␤ 1 induction of CCN2 occurs before E-cadherin loss which is thought to be an early step in the induction of epithelial-mesenchymal transition [16] . Therefore, PTECs can express CCN2 without losing epithelial phenotype. In PTECs, TGF-␤ 1 induction of CCN2 protein and gene promoter activity is dependent on Smad signalling, as TGF-␤ 1 induction of CCN2 gene promoter activity and protein were markedly inhibited by Smad7 over-expression. By using RNA interference to achieve selective and specific knock down of Smad2, Smad3 and Smad4 we further demonstrated that the induction of CCN2 by TGF-␤ 1 is Smad3 and Smad4 dependent but Smad2 independent [18] . Similar to the fibroblasts but in contrast to the mesangial cells, the basal expression of CCN2 gene promoter activity and protein in PTECs is independent of Smad signalling [16] . The Ras/MEK/ERK1/2 signalling pathway is also required for the induction of CCN2 by TGF-␤ 1 in human PTECs while the induction occurs independent of PI3-kinase-Akt signalling. However, intact Smad signalling is essential for the induction of CCN2 by TGF-␤ 1 in human PTECs, as in Smad7 over-expressing human kidney cells (HKC clone 8, an SV-40 transformed human PTEC cell line) TGF-␤ 1 induction of CCN2 was inhibited in the presence of intact early activation of ERK1/2 by TGF-␤ 1 [16] . It is possible that transcription factors activated by MEK/ERK1/2 signalling cascade (yet to be identified) form synergistic complexes with Smad3 and Smad4 for the optimal induction of CCN2 gene in tubule cells. Among the Ras isoforms that are expressed in HKCs, N Ras but not ki Ras or Ha Ras were required for the induction of CCN2 by TGF-␤ 1 (unpublished data, manuscript accepted for publication in Nephron Exp Nephrol).
Polymorphisms in the CCN2 gene could provide an explanation for variable susceptibility to renal disease and its progression in diabetic patients. Single nucleotide polymorphisms have been identified in CCN2 gene promoter. However, so far no correlation between these polymorphisms and renal disease has been demonstrated. With respect to scleroderma, a recent elegant study conducted in 1,000 subjects by Abraham and co-workers [19] demonstrated modulation of CCN2 gene transcription by a polymorphism (G-945C) in its promoter. The -945G allele was shown to be significantly associated with susceptibility to systemic sclerosis. A similar large scale study needs to be done in patients with diabetic and nondiabetic renal disease.
Signalling pathways involved in the regulation of CCN2 production in response to TGF-␤ 1 in human PTECs are shown in figure 2 .
The Role of CCN2 in Tissue Fibrosis -Evidence from in vitro and in vivo Studies
CCN2 is thought to be an important player in the pathogenesis of chronic fibrotic disorders. CCN2 has been shown to be involved in fibrosis of various organ systems including liver, lung, skin and kidney [3, 9] . Elevated levels of CCN2 are seen in serum of patients with systemic sclerosis and the levels correlate with severity and extent of cutaneous fibrosis as well as presence or absence of lung fibrosis [20] . Scleroderma fibroblasts constitutively over express CCN2 and this is thought to play an important role in the maintenance of scleroderma phenotype independent of TGF-␤ 1 -Smad signalling [12] . In one of the early in vivo studies investigating the expression of CCN2 in human renal fibrosis, increased expression of CCN2 mRNA was seen in glomeruli and in the interstitium adjacent to the areas of interstitial fibrosis in biopsy specimen from various renal disorders such as diabetic nephropathy, IgA nephropathy and focal segmental glomerulosclerosis [21] . Wang et al. [9] investigated in vivo expression of CCN2 in renal cortex of rats with streptozotocin-induced diabetes mellitus. In this study, increased expression of CCN2 was seen in the renal cortex of diabetic rats as compared to the controls. Proximal tubules of diabetic rats, in particular those with dilated morphology, expressed CCN2 in contrast to nondiabetic control rats in which no staining was demonstrated in the tubules.
As described in the following sections, in addition to its own profibrotic effects, CCN2 potentiates profibrotic functions of TGF-␤ 1 [22] and mediates at least some of the profibrotic TGF-␤ 1 effects, in particular proliferation of fibroblasts and secretion of ECM proteins by the fibroblasts [24] . CCN2 and TGF-␤ act synergistically to promote chronic fibrosis. While TGF-␤ has been shown to be sufficient to induce transient fibrosis, CCN2 is thought to be necessary for chronic persistent fibrosis. Mori et al. [23] have shown that subcutaneous injection of TGF-␤ for 7 consecutive days only induces transient fibrosis, while co-injection of TGF-␤ and CCN2 induce persistent fibrosis. Furthermore, CCN2 functions as a matricellular protein mediating cross-talk between ECM and cells and induces fibroblast and mesangial cell ECM secretion [25, 26] . CCN2, through its C-terminal domain, binds to fibronectin and enhances affinity of fibronectin to fibrin and this facilitates wound healing [26] . Binding of CCN2 to fibronectin facilitates adhesion and migration of fibroblasts on fibronectin, a role that is likely to be important in wound healing, tissue repair and pathological fibrosis [26] . CCN2 increases the expression of fibronectin by mesangial cells, enhances fibronectin assembly into an insoluble matrix, and increases type I, type III and type IV collagen production by mesangial cells and fibroblasts [25, 26] . CCN2 upregulates the expression of integrins on the cell surface, facilitating the deposition and assembly of ECM proteins [25, 26] . Furthermore, in mesangial cells CCN2 caused the induction of plasminogen activator inhibitor-1, the rearrangement of the actin cytoskeleton and an increase in tissue inhibitor of metalloproteinase TIMP-1 with subsequent decrease in matrix degradation [28, 29] . Tak- 
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CCN2 has been shown to mediate tubulo-interstitial fibrosis in animal models such as the unilateral ureteric obstruction model and in cultured rat fibroblasts, CCN2 antisense treatment ameliorates TGF-␤ 1 -induced fibronectin secretion [30, 31] . In addition, Gore-Hyer et al. [32] provided first evidence for the possible role of CCN2 in tubular epithelial mesenchymal transition (EMT). During the process of EMT, tubule epithelial cells lose their cell-to-cell junctions and epithelial phenotype, acquire alpha-smooth muscle actin (SMA) and a myofibroblast phenotype, upon disruption of the basement membrane, the tubule cells migrate to the interstitium to contribute to matrix deposition and fibrosis. It is thought that 20-30% of interstitial myofibroblasts within the scarring kidney are derived from tubule cells. TGF-␤ 1 is capable of inducing all the stages of EMT in tubule epithelial cells and there is some evidence to suggest that CCN2 mediates some of these TGF-␤ 1 effects. Inhibition of CCN2 by using antisense oligonucleotides (ASOs) ameliorates TGF-␤ 1 induction of ␣ -SMA in HKC cells [33] . In addition to its role in TGF-␤ 1 -induced EMT, CCN2 has been shown to mediate EMT and renal fibrosis induced by advanced glycation end products, which is a further evidence for the role of CCN2 in the development of tubulo-interstitial fibrosis in diabetic nephropathy [34] . A direct evidence for the role of tubule cell-derived CCN2 in interstitial fibrogenesis was provided in a recent publication by Okada et al [35] . These authors used a co-culture system of mouse tubular epithelial cells and fibroblasts to demonstrate that a TGF-␤ 1 -induced increase in type I collagen and fibronectin in the interstitial fibroblasts was both a direct and indirect effect, with the latter being mediated by CCN2 derived from proximal tubule epithelial cells. These authors, using neutralization protocols, provided firm evidence that tubular CCN2 directly and significantly contributes to TGF-␤ 1 -dependent renal interstitial fibrogenesis. While most of in vitro experiments have focused on mesangial cells and fibroblasts, a study by Twigg et al. [36] demonstrated increased fibronectin production by proximal tubule epithelial cells in response to CCN2. All these in vitro experiments have demonstrated the increase in ECM protein production and deposition in response to CCN2 in mesangial cells, fibroblasts and tubule epithelial cells, suggesting its potential role in the development of glomerular and tubulo-interstitial fibrosis.
In diabetic renal disease, increased glomerular and renal cortical expression of CCN2 has been demonstrated in mouse models of type II (db/db mouse) and type 1 diabetes (streptozotocin-induced) and in humans with diabetic nephropathy [9, 37, 38] .
Both in obese type 2 diabetic mice (db/db mouse) and in streptozotocin-induced type 1 diabetic mice, CCN2 overexpression was predominant in visceral podocytes within the glomeruli, suggesting a potential role of CCN2 in the development of podocyte injury in diabetes [37] . Diabetes-induced glomerular basement membrane thickening is attenuated in CCN2 +/-mice in parallel with reduction in podocyte expression of CCN2 [37] . This study and the study by Mori et al. [23] have provided direct evidence for the role of CCN2 in the development of tissue fibrosis. In a recently published work, Yokoi et al. [39] established podocyte-specific CCN2-transgenic mice. Twelve weeks after streptozotocin-induced diabetes, these transgenic mice showed more severe proteinuria, mesangial expansion, and a decrease in matrix metalloproteinase-2 activity compared to diabetic wild-type mice. Furthermore, diabetic transgenic mice exhibited less podocin expression compared to diabetic wild-type mice. Induction of diabetes in these CCN2-transgenic mice resulted in a further elevation of endogenous CCN2 mRNA expression and protein in the glomerular mesangium. This work has provided further in vivo evidence for the role of CCN2 in the development of podocyte injury and mesangial expansion in diabetes [39] .
CCN2 is emerging as a promising biomarker of renal and vascular disease in diabetes and of chronic allograft nephropathy in renal transplant patients. Goldschmeding and co-workers [40] recently published their data on a prospective study conducted in type 1 diabetic patients. In this study, plasma CCN2 was higher in patients with macroalbuminuria compared to those with normoalbuminuria. In patients with nephropathy, elevated plasma CCN2 was an independent predictor of end-stage renal disease and correlated with the rate of decline in glomerular filtration rate. Plasma CCN2 was also an independent predictor of overall mortality [40] . In contrast, in normoalbuminuric patients, plasma CCN2 did not correlate with clinical parameters and did not predict outcome. Another study by the same group demonstrated significantly higher urinary CCN2 excretion in type 1 diabetic patients with micro-or macroalbuminuria compared to patients with normal albumin excretion and a positive correlation between the degree of albuminuria and CCN2 excretion [41] . Local production of CCN2 in the kidney, renal filtration of plasma CCN2, together with tubular dysfunction and/or saturation of tubular reabsorption capacity in proteinuric patients may all be involved in increased urinary CCN2 excretion. In our laboratory, we have seen an increase in CCN2 secretion by PTECs treated with human serum albumin in a MEK/ ERK-dependent manner (unpublished data). Proteinuria could contribute to increased urinary CCN2 levels by increasing the secretion of CCN2 by PTECs. Another recent study explored the significance of CCN2 as a determinant of renal and vascular complications among patients with type 1 diabetes. These investigators measured the circulating and urinary levels of whole molecule of CCN2 and the N-terminal fragment in 1,050 patients with type 1 diabetes. They found a positive and independent association between CCN2-N-terminal fragment levels and albumin excretion rate. Patients with macroalbuminuria had higher levels of CCN2-N-terminal fragment than diabetic subjects with or without microalbuminuria. Furthermore, this study demonstrated an independent and significant association of CCN2-N-terminal fragment with the common and internal carotid intimamedia thickness. These authors concluded that plasma CCN2 is a risk marker of diabetic renal and vascular disease [42] .
All the in vivo and in vitro evidence described above provide strong evidence for the profibrotic role played by CCN2 in the development of progressive kidney diseases, in particular diabetic nephropathy. Moreover, these studies provide evidence for the role of CCN2 as a marker of renal disease and fibrosis and a predictor of the development of end-stage renal disease and mortality.
Modulation of Signalling and Activity of Other Growth Factors by CCN2
CCN2 exerts many of its biological effects by modulating the effects of other growth factors such as TGF-␤ , BMP-7 and VEGF. Experiments using recombinant CCN2 and neutralising antibodies to CCN2 have suggested that CCN2 mediates at least some of the effects of TGF-␤ 1 on fibroblast proliferation, adhesion and ECM production [8] . The study by Qi et al. [36] suggested that CCN2 is dependent on TGF-␤ 1 activity for its profibrotic effects and they also demonstrated that TGF-␤ 1 and CCN2 have additive effects in the production of fibronectin by human PTECs and fibroblasts. In this study, CCN2 induction of fibronectin in human PTECs and fibroblasts was inhibited in the presence of either TGF-␤ 1 neutralising antibody or TGF-␤ 1 type 2 receptor neutralising antibody [36] . Abreu et al. [22] demonstrated direct binding of CCN2 to BMP4 and TGF-␤ through its VWF type C domain. This binding resulted in inhibition of BMP signalling and enhancement of TGF-␤ signalling [22] . More recently, Wahab et al. [44] demonstrated upregulation of the transcription factor TGF-␤ -inducible early gene TIEG by CCN2, which in turn resulted in a reduction in cellular Smad 7 levels, thereby augmenting TGF-␤ 1 signalling. A recent study investigating the effects of CCN2 on signalling by the anti-fibrotic protein BMP7 demonstrated antagonism of BMP7 signalling by CCN2 in the diabetic kidney. This antagonism contributed to the reduction in MMP activity, increase in glomerular basement membrane thickening and albuminuria, which are features of diabetic nephropathy [43] . Furthermore, binding of CCN2 to the matrix protein fibronectin promotes fibroblast adhesive signalling and migration. CCN2 directly binds fibronectin and the fibronectin receptor integrins alpha4 beta1 and alpha5 and syndecan 4 [25, 26] . Loss of endogenous CCN2 results in impaired spreading of fibroblasts on a fibronectin matrix and delayed alpha-smooth muscle actin fiber formation suggesting an important role of CCN2 in potentiating fibroblast adhesion and migration on fibronectin matrix, an important event in tissue development, wound healing and fibrosis [26] .
These studies highlight the complexity of CCN2 biology as, in addition to its own effects via binding to multiple receptors, it modulates cell behaviour by functionally relevant interaction with other growth factors and extracellular matrix.
CCN2 Effects on Cell Receptors and Signalling Pathways
CCN2 exerts its cellular effects by multiple mechanisms. CCN2 binds to integrins, heparan sulfate proteoglycans (HSPGs) and a multi ligand low-density lipoprotein receptor (LRP) [45, 46] . It was postulated that CCN2 binds to the cell surface HSPGs and subsequently acts through other ligands and receptors such as TGF-␤ and integrins in a cell type-specific and context-dependent manner. For example, Gao and Brigstock [45] demonstrated that activated rat hepatic stellate cells were capable of adhesion to all 3 CCN proteins via the binding of
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Nephron Exp Nephrol 2010;114:e83-e92 e89 module 4 to integrin alpha(v)beta(3), a process that was dependent on interactions between module 4 and cell surface HSPGs. The integrins bound by CCN2 include the integrins mediating angiogenesis and matrix attachment, such as alpha(v)beta(3), ␣ 5 ␤ 1 and ␣ 6 ␤ 1 [25, 45] . CCN1 and CCN2 interact with HSPGs, including syndecan 4 and perlecan, through a heparin-binding domain in module 4 [45] . CCN2 also binds to the LRP-1 [46] . These authors demonstrated that, in addition to integrins and proteoglycans, CCN2-dependent adhesion can also involve LRP-1. In the same year, it was demonstrated that a CCN2 fragment consisting of module 4 alone was bioactive, bound strongly to heparin, and promoted dosedependent adhesion of fibroblasts, myofibroblasts, endothelial cells, and epithelial cells.
All the above-mentioned studies have demonstrated that integrins and HSPGs are essential for the adhesive and mitogenic function of CCN proteins and are functional receptors for this family. In addition to these functionally relevant CCN2 receptors, recently, CCN2 has been shown to bind to and activate the nerve growth factor (NGF) tyrosine kinase receptor (TrkA) in mesangial cells in vitro [47] . Acting via this receptor, it was shown to activate several signalling pathways such as ERK1/2, ERK5, PI3 kinase and PKC-␣ in mesangial cells. However, the functional significance of this interaction remains unknown. Bonofiglio et al. [48] using human renal biopsy specimen demonstrated the expression of NGF and TrkA in tubular and glomerular cells and of P75 NTR , a TrkA co-receptor, in the interstitial and mesangial cells. The role of these receptors and the binding of CCN2 to these receptors in the development of renal fibrosis remain to be investigated. Therefore, multiple biological activities can be elicited through the interactions of discrete 'functional' domains of the CCN family members and different cell surface receptors. In addition, Wahab et al. [44] reported nuclear translocation of labelled CCN2 protein, which raises a possibility of CCN2 protein functioning as a transcription factor.
The growth factors and receptors binding to CCN2 are shown in figure 3 .
Targeting CCN2 for the Treatment of Fibrosis
Inhibition of CCN2 has been shown to be an effective antifibrotic strategy. CCN2 can be inhibited by neutralising antibodies, ASOs and small interfering RNA. FG-3019, a fully human monoclonal neutralizing immuno- globulin G antibody against CCN2 has been developed by FibroGen for the treatment of fibrotic diseases and diabetic complications. Early results of a phase 1b multicentre study testing the safety and efficacy of this antibody in diabetic patients with microalbuminuria have been published in an abstract form. In mouse models of type 1 and type 2 diabetes, treatment with ASOs targeted to CCN2 resulted in reduction in serum creatinine, attenuated albuminuria and reduced expression of matrix protein genes such as fibronectin and collagen in the kidney [38] . Using a chronic allograft nephropathy model of renal fibrosis, Luo et al. [49] demonstrated that delivery of siRNA targeted to CCN2 via the caudal vein significantly inhibited expression of CCN2 in rat kidneys, effectively preventing fibrosis. In the unilateral ureteric obstruction model, injection of CCN2 ASOs via the renal vein markedly attenuated the induction of CCN2 in the interstitium and reduced the deposition of fibronectin and collagen [31] . Furthermore, attenuation of interstitial fibrosis by CCN2 ASOs occurred in spite of overexpression of TGF-␤ 1 in this model, suggesting that CCN2 plays an important role in TGF-␤ 1 -induced fibrogenesis. This study also highlighted the fact that it is possible to inhibit matrix deposition and fibrosis within the kidney by targeting CCN2 expression without affecting TGF-␤ 1 expression. This is of great relevance as TGF-␤ 1 has several important physiological functions and it is difficult to inhibit TGF-␤ 1 for the treatment of chronic fibrosis without having adverse effects on the health of the animal, such as induction of autoimmunity, multiorgan inflammation and development of cancers. The question remains: does CCN2 mediate any of the effects of TGF-␤ 1 on the immune system? This was in part addressed by Kunzmann et al. [50] who investigated the role of CCN2 in CD4 T lymphocyte proliferation. CCN2 alone did not have any effect on CD4 T lymphocyte proliferation and did not have any effect on the inhibition of T lymphocyte proliferation by TGF-␤ 1 . Therefore, it would appear that while CCN2 has at least some profibrotic properties similar to TGF-␤ 1 and can potentiate and mediate fibrotic effects of TGF-␤ 1 , it probably does not share the immunomodulatory properties of TGF-␤ 1 . However, more work needs to be done to investigate the role of CCN2 in inflammation and immunity. In summary, CCN2 is a marker and mediator of tissue fibrosis. It is an attractive therapeutic target for the treatment of fibrosis. Further studies should focus on identifying cellular mechanisms of CCN2 effects, the role of CCN2 in the effects of TGF-␤ 1 on the immune system, inflammation, regulation of cell cycle, cell proliferation and apoptosis. Further studies are required to assess the safety and efficacy of neutralising antibodies to CCN2 in patients with diabetic and nondiabetic renal disease. RNA-based therapeutic approaches continue to evolve and could be applicable to the treatment of fibrotic diseases in humans in future. Targeting CCN2 could become an effective and safe therapeutic option for the treatment of progressive renal fibrosis.
